AMO-Advanced Modeling and Optimisation, Volume 19, Number 2, pp. 327-338, 2017
ISSN: 1841-4311

1

On the dynamics of a delayed SEIR epidemic model

Abdelilah Kaddar, Amine Bernoussi and Said Asserda
a.kaddar@yahoo.fr
Faculté des Sciences Juridiques, Economiques et Sociales
de Salé, Morocco.
Université Mohammed V.
amine.bernoussi @yahoo.fr
Faculté des Sciences, Université Ibn Tofail, Morocco.

Abstract

In this work, we propose a delayed SEIR epidemic model. The time delay, 7, is introduced to
model the latent period. The resulting model has two possible equilibria (free disease equilibrium
and endemic equilibrium). Our main contribution affirms the existence of non constant periodic
solutions which bifurcate from the endemic equilibrium when the delay crosses some critical val-
ues. Also we propose a comparison of a delayed SEIR model and its corresponding delayed SIR
model. Furthermore, some numerical simulations are presented to illustrate our theoretical results.
Keywords. SEIR epidemic model; generalized incidence rates; global asymptotic stability; Lyapunov-
LaSalle’s principle; Hopf bifurcation.

Introduction

The spread of an infectious disease in a population is a dynamic phenomenon. Such a phenomenon
can be modeled by differential systems [} 2, 3} 4,16, 11, 15,116} |18, 5)]. The behavior of the resulting
systems is very rich: stability, fluctuations, periodic oscillations or chaos. In particular, the existence
of non constant periodic solution which bifurcates from an equilibrium can be guaranteed by the Hopf
bifurcation theorem. This problem in epidemic models are analyzed in literature (see [8, [10} 12} 14,
177]] and the references therein).
In this paper, we propose the following SEIR epidemic model with a discrete time delay and a general
nonlinear incidence function [17]:

Zd—fEZA—#S—f(SJ%
g:f<sv])_ME_0Eﬂ
%:UET_<,U’+7)]>

& =1 —uR.

&)

Here A = uN, where N = S + E + I + R is the total number of population, S is the number of sus-
ceptible individuals, I is the number of infectious individuals, E is the number of exposed individuals,
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R is the number of recovered individuals, y is the natural death of the population, f is the incidence
function, 7 is the recovery rate of the infectious individuals, o is the rate at which exposed individuals
become infectious and 7 is the time delay.

The first three equation in system ({1)) do not depend on the fourth equation, and therefore this equation
can be omitted without loss of generality. System (1) can be rewritten as

& =A—puS— f(S,1),

& — 1(5.1) ~ uE - aE. @)
G =0E —(u+)1.

With the initial conditions

S0) = @1(0), E(0) = ¢2(0), 1(0) = ws(0),

where o; € C' such that ;(0) > 0, for i = 1,2, 3. Here C' denotes the Banach space C'([—7, 0], R) of
continuous functions mapping the interval [—7, 0] into R with the supremum norm. From a biological
meaning, we assume that f is twice continuously differentiable function satisfaying:

(HO) f(sv()) :f(()’[) =05

(Hy) fis astrictly monotone increasing function of S > 0, for any fixed / > 0, and f is a monotone
increasing function of / > 0, for any fixed S > 0;

(Hy) o(S,1) = @ is a bounded and monotone decreasing function of I > 0, for any fixed S > 0,
and K(S) = lim; o+ ¢(S, I) is a continuous and monotone increasing function on .S > 0.

Xu and Liao [[17] analyzed the stability and the local Hopf bifurcation for system (2)) with bilinear
incidence function(f(S,) = SI). The aim of this paper is to use model (2) with a generalized
incidence function to investigate the global stability of the disease-free equilibrium and the existence
of periodic solutions bifurcating from the endemic equilibrium. The rest of the paper is organized as
follows: In Section 2, we prove the existence and uniqueness of the endemic equilibrium and by the
Lyapunov-LaSalle invariance principle to prove the global stability of the disease-free equilibrium.
In Section 3, by analyzing the characteristic equation, the local stability and the Hopf bifurcation of
the endemic equilibrium is established for some sufficient conditions. In section 4, we present some
application of the main result with particular incidence function, and some numerical simulations are
given. In Section 5, we present some concluding remarks.

2 Equilibria and global stability analysis of disease-free equilib-
rium
2.1 Equilibria

Note that the system (2]) always has a disease-free equilibrium Py = (%, 0,0). On the other hand, The
existence of endemic equilibrium is determined by the following proposition:
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Proposition 1 Under the hypotheses (Hy) — (H»), if
oK (4)

TETIES)

then system ) admits a unique endemic equilibrium P* = (S*, E*, I*), with

oA _wrow+Nrt o (Nl
M MO' ) 0_ )

Ry = > 1,

and I* is the unique solution of the following equation:

A (p+o) (put+y)I*
fG - D o)ty _

I o

Proof. We prove the existence and the uniqueness of the endemic equilibrium P*. At a fixed point
(S, E, I) of system (2)), the following equations hold.

A—puS—f(S,1)=0, f(S.I)—(u+a)E=0, oE— (u+~)I=0.

A simple calculation gives the following system:

G = A _ (wto)(utn)!
7 s po !
B = (p+7) (3)

)
A_ ()W
f(A- Gl )

(pto)(pt+y)
- #U#’)’_O.

using the three equation in (3)), we set

A (pro)(ptnI
G- D (ko))
g(I) := = 0.
I o
By the hypotheses (Hy), (H;), (H2) and Ry > 1, g is strictly monotone decreasing on |0, m]

satisfying:

. _ A (pto)(pt)
Ilglogg(f)—K(u) -
o)y, KGO
o o <(u+0)(u+7) )
_ (H+0>(H+7)<R0_1) -0

and

0.

g
(h+0)(p+7) o
Thus, there exists a unique /* such that g(/*) = 0.
Hence, we conclude the existence and uniqueness of the endemic equilibrium P*. =

( oA ) _pto)uty) _
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2.2 Global stability analysis of the disease-free equilibrium
Now, we discuss the global stability of the disease-free equilibrium Py of system (2).
Proposition 2 If Ry < 1, then the disease-free equilibrium P is globally asymptotically stable.

Proof. Define a Lyapunov functional

Wo(t) = Vo(t) + Uo(t),

where M
Vo(t) :/3(1_ EG) g
‘ A K(u)
and .
Up(t) = E + Jj“]+u/ E(u)du.
t—1

We will show that dWO(t < (O forall ¢ > 0. We have :

oty . K(&)
TR ~K(S)
(<)

)8

= (1~ JA = pS = f(S51))

K(S)
K(4A K(4
BB s K,
and
d[iz(l)t@) = f(S,I)—puE —oE,. + (6 + p)E;
3 (u+0)(u+v)I+ME_MET
_HS.T) - (M+02j(u+v)].
Then
dWo(t) K(3) A
A
e - L
- (4), A
(k+o)(p+7) oS 1)
o g ot
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By the hypothesis (H5), we obtain that

K(%) A
(1= i) = 8) <0,
(5)"
Where equality holds if and only if S' = é
Furthermore, it follows from the hypothesis (H) that
¢(S,1)
Ry < Ry.
K(S) =77

Therefore, Ry < 1 ensures that dWO() < 0 for all ¢ > 0, where %‘1@) = 0 holds if (S, E,I) =

(;, 0, 0). Hence, it follows from system (2)) that { P, } is the largest invariant set in {(S E, I)|=%= dWO( ) — O}.

From the Lyapunov-LaSalle theorem, we obtain that F, is globally asymptotically stable. Th1s com-
pletes the proof. m

3 Stability and Hopf bifurcation of the endemic equilibrium

In this section, we discuss the local asymptotic stability of the endemic equilibrium P* and we use the
Hopf Bifurcation theorem to derive sufficient conditions for the bifurcation of nonconstant periodic
solutions from this nontrivial equilibrium.

Letz =S5 —S*, y=FE— E*and z = [ — I*. Then the linearized equation around the equilibrium
point P* is given as follows:

% = (8—u — %(S*,[*)gx(t) — 2L(5*, 1)2(b),

? f(‘S*a[*)x(t)+8_§<S*7[*>Z(t>_:uy(t) _Uy(t_T)a (4)
@ = oyt =7) = (n+7)z(t).

The Jacobian matrix M (\) of equation ({)) is defined as follows:

A+ pot 8L(S*,I*) 0 gg(s* I")
M(N) = ——(S* I") A+ p+oe™ =25 1)
0 —ge A (n+7)
The characteristic equation of the equation (4) takes the general form:
ANT) =N+ AN+ BA+C +[DN* + EA+ Fle™ =0, )
where
A=Qp+y)+nt+55(5017), B =plp+y)+Quty)n+ 5505, 17),
C=plu+Nu+55(50), D=0, E=o(p+y) =050 (51 +ou+ 8S(S 7)),
F = (ut 958" It 7)o — aln+ S (5% 1) PH(S 1)+ 0 90 (57, 1) o (s, 1)

In order to investigate the local stability of the endemic equilibrium P*, we begin by considering
the case without delay 7 = 0.
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Lemma 3 Suppose that the hypotheses (Hy) — (Hs) hold.
For T =0, if Ry > 1, then the endemic equilibrium P* is locally asymptotically stable.

Proof. When 7 = 0 the characteristic equation (3] reads as
N+ (A+D)N+(B+E)\+(C+F)=0. (6)

Firstly, from hypothesis (H; ), we have %(S *,I*) > 0, which implies that (A + D) > 0. Secondly,
from the formula & +U37(H ) _ f (S;;I*), we find that
Of [ 1
CH F=plpty)pt 555 17) +olp+) e+
0
_ W((u +o)(p+7) f
o
a1 01
T oI

3f

SE(S* )+ () + 0) (S 1)

s f*)) )t o) oL

(S*, I,

and

%)—FU(M"—

of(S*, I*)

of(S*, I*)
~5% )
)+ o(p+
of(S*, I*)
oS )

(A+D)(B + E) = (C+ F) = (20 +7) (2 +7)(u +
of(S*,I*)
oS
+o(2u+7)(p+

Of (5" I")

)(2p +7) (e + 55 )

oS
of(S*, I*) 9
55 )+ o (pu+

of(S*,I7)

+ (1 +

+ 0((2u )+ (et
OF(S*, I*)

oS o ol

of(S*, I*)

= (2n+ 7)((2u +) (e + W) +o(p+ %))

af(S*,1%) of(S*,1%)

oS 08 )
Of(S™, I7) of (5", 1)
ZIZ o7 )9 A i)
55 Ch )t =)
of(S*, I*) 9 of(S*, I*) of(S*,I*)
topu——or—tppt ——g—") tpolpt+ ——5—)
of(S*,I*) fS*,1*)  of(S*,I")
ety LIS ) (L50) _005.1)
+o(@u+m) + e+ 22 + o) (5 o
Hence, by hypothesis (H;) and Kaddar’s lemma (see Lemma 4.1 in [7]), we have C' + F' > 0 and
(A+ D)(B+ E) — (C + F) > 0. Thus, according to the Routh-Hurwitz criterion, the endemic
equilibrium P* is locally asymptotically stable. m
We assume in the sequel that hypotheses (Hy) — (Hs) are true and we return to the study of
equation (3)) with 7 > 0.
Equation (5)) has a purely imaginary root iw (w > 0) if and only if

+o(p+ )2+ o (u+

— Aw® + C = (Dw® — F) cos(wT) — Bwsin(wT) (7)
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w? — Bw = (Dw* — F)sin(wr) + Ew cos(wT) (8)
Squaring and adding the squares together, we obtain
WO+ aw* + bw? + ¢ =0, )

witha = A2 — D? — 2B, b= B?> - 2AC — E? 4+ 2DF, ¢=C? — F? where A, B,C, D, E and F

are given by ().
Letting z = w?, equation (9) becomes the following cubic equation

h(z) = 2° +az* + bz +c = 0. (10)

Lemma 4 [[/3] Define
A=a>-3b

(i) If c < 0, then equation has at least one positive root.
(ii) If ¢ > 0 and A < 0, then equation (10) has no positive roots.

(i) If ¢ > 0 and A > 0, then equation (10) has positive roots if and only if Z := 3(—a + VA) >0
and h(z) < 0.

Suppose that equation (10) has positive roots. Without loss of generality, we assume that equation
(TIO) has three positive roots, denoted by z1, zs and z3, respectively. Then equation (9) has three

positive roots, say
W1 = /21, W2 = /22, W3 = /%3

1 (Aw? — C)(F — Dw}) + (w} — Bw;)Ew,
T = —[arccos ( (Da? — F)2 + B2

Wi
Then ~+iw, is a pair of purely imaginary roots of equation () with T = 7, | = 1,2, 3. Thus, we can
define

Let

)],l:1,2,3.

To = Tiy = lgizng(n), Wo = Wiy (11)

To investigate the local stability and the existence of periodic solutions bifurcating from the en-
demic equilibrium, we need the following results:

Lemma 5 Suppose that (Hy) — (Hs) hold.
(i) If one of the following:

(N1) ¢ > 0and A <0
(Ny) ¢c>0A>0andz <0;
(N3) ¢ >0and A > 0,and h(Z) < 0.

333



AMO-Advanced Modeling and Optimisation, Volume 19, Number 2, pp. 327-338, 2017
ISSN: 1841-4311

is true, then all roots of equation (3) have negative real parts for all T > 0.

(ii) Ifc<0,0rc>0,A>0,Z>0,and h(Z) < 0, then all roots of equation (5] have negative real
parts when 1 € [0, 79),

where A and Z are defined in lemma[d| and T is defined by (11]).

Proof. The proof follows from the lemmas 3 and[4] =

To guarantee the transversality condition of the Hopf bifurcation theorem [9)], we establish the
following result:

Lemma 6 Suppose that (Hy) — (Hs) re satisfied and that \(T) = u(T) + iw(7T) is a root of equation
).

If one of the following:

(S1) ¢ < 0and b (w3) # 0,

(S3) ¢>0,A>0,Z>0andh(z) <0,

is true, then

— #0
dr (70) ’
where 1y, and w are defined in (11)).

Proof. \(17) = u(7) +iw(7), is a root of equation () if and only if
u® — 3uw® + Au* — Aw® + Bu+C = —e "7 <Du2 cos(wt) — Dw? cos(wT) (12)

+Fucos(wt) + F cos(wt) + 2Duw sin(wt) + Ew sin(cw))
and
3w — w4+ 2Auw + Bw = —6_”T< — Du?sin(wr) + Dw? sin(wT) (13)
—EBusin(wr) — Fsin(wt) 4+ 2Duw cos(w) + Ew cos(w-))

Let u(7) and w(T) satisfying u(1y) = 0, and w(1y) = wy.
By differentiating equations (12) and (13) with respect to T in T = 1y, we get

du(Tg) 4 g dOJ(To)

= 14

1 dT 2 d'T 3 ( )
du(T dw (T

— 92 () + g1 (7o) = G4, (15)
dr dr

where

g1 = —3wi + B+ (E + Dwity — F1) cos(woTg) + (2Dwy — EuwoTo) sin(woT),
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g2 = —2Aw + (E 4+ Dwity — F1p) sin(woto) + (—2Dwy + FwoTo) cos(woTo),
g3 = (= Dwi + Fuwy) sin(woTy) — Ew; cos(woT),
and
g1 = (—Dwj + Fuwy) cos(woTg) — Ewd sin(wo).
Solving for % we get
du(7o) _ 9193 — 9294

dr gi+g 1o
Therefore, we have
du(m) _ i (3) "
dr gi+g3
Thus, if h' (W2) # 0 we have the transversally condition.:
S
dr

If—ducg:)) < 0 for T < 19 and close to Ty, then equation (5)) has a root \(17) = u(1) + iw(7) satisfying
u(T) > 0, which contradicts (ii) of Lemma 4} This completes the proof. m

From lemmas B3} [5] and[6] we obtain the following theorem.
Theorem 7 Assume that (Hy) — (Hs) hold and Ry > 1.

(@) If (i) of lemma 5| holds, then the equilibrium P* of system (2)) is locally asymptotically stable for
all T > 0.

(b) If (S1) or (S2) of lemma |6 holds, then there exists a positive Ty such that, when T € [0, 7)) the
endemic equilibrium P* is locally asymptotically stable, and when T = 1y, a non constant
periodic solution bifurcates from this equilibrium, where 1 is given by

(Aw — C)(F — Dw?) + (w3 — Bwy)Ewg
(Dw3 — F)? + E%w? )’
and wy is the leat simple positive root of equation (), with A, B,C, D, E and F are defined in

(&)}

1
Tp = — arccos ( (18)

wo

4 Numerical simulations

In this section, we give some numerical simulations to illustrate the theoretical analysis. Let
BSI
f(S, 1) = .
1+al
We take the parameters of the system (1)) as follows:

A=10, a=09, p=0.005 ~+=0.02, pF=01land o =0.5.

By theorem([/] we have if T < 19 = 3.1621, then P} is locally asymptotically stable (see Figure[l). If
we increase the value of T, then a periodic solution occurs at Ty = 3.1621, (see Figure [2)), with the

initial condition (S(0), E(0), 1(0)) = (86.36577, 16.2469, 381.7174).
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Figure 1: For 7 = 2.2182 Solutions (5, £, I) of a discrete SEIR epidemic model are locally
asymptotically stable and converge to the endemic equilibrium P
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Figure 2: For 7 = 79y = 3.1621 a Hopf bifurcation occurs and periodic solutions appean of a discrete
SEIR epidemic model ().

5 Concluding remarks

In this work, we have proposed a generalization of the delayed SEIR epidemiological model set forth
by Xu et al. [I7]. Our contribution consists to consider this model with a generalized incidence
function.

By the Hopf bifurcation theorem, we have proved that the introduction of time delay in the SEIR
model can destabilize this system, giving rise to a branch of periodic solutions bifurcated from the
endemic equilibrium. This result confirms the result obtained by Xu et al. in the particular case of the
incidence function (f(S,1) = aSI) [17].
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